Lung tumors treated in breath-hold are subject to inter-and intra-breath-hold variations, which makes tumor position monitoring during each breath-hold important. A markerless technique is desirable, but limited tumor visibility on kV images makes this challenging.
INTRODUCTION
In stereotactic body radiotherapy (SBRT), high radiation doses are delivered to the tumor in only a few fractions, and steep dose gradients outside the planning target volume (PTV) are used to minimize the risks of damage to healthy tissues. However, for lung tumors treated in free-breathing, the size of the PTV can be substantial if the internal-target-volume (ITV) concept is used since this comprises the tumor position in all phases of the breathing cycle with an extra margin. When there is considerable respiratory motion or if multiple lung tumors are being treated, one way to reduce the amount of healthy lung tissue being irradiated is to apply a breath-hold technique. This reduces tumor motion and therefore also the size of the PTV 28, 29, 36 . The breath-hold is usually performed at end-inspiration or end-expiration.
Although the reproducibility is higher at end-expiration, end-inspiration is often preferred as this increases the lung volume and reduces the relative amount of healthy tissue being irradiated 29, 34, 35 . Several methods for establishing breath-holds exist, including voluntary breath-hold with visual feedback and computer-controlled breath-hold using a spirometer that can either be used in a voluntary manner or as an active breathing control device 34, 87, 88 .
Voluntary breath-hold with visual feedback is often performed by monitoring the position of reflective markers on the thorax/abdomen or by directly monitoring the body surface 29, 36 . However, external markers or the surface of the patient are only a surrogate for tumor position, and so monitoring of the tumor position itself is preferred. In addition, inter-and intra-breath-hold variations in tumor position may occur, which makes it important to verify the lung tumor position during each breath-hold.
We previously investigated if limited-arc cone-beam CT (CBCT) reconstructions could be used to determine lung tumor position during each breath-hold 89 . However, these reconstructions only provide the dominant (average) tumor position during treatment, and no information about a possible change in position as a function of time. In addition, ≥80° of consecutive images were required for the reconstruction in order to provide a reliable 3D position. This means that the method is not suitable for high-frequency, near real-time 3D verification of the actual tumor position (tracking) during irradiation. To determine whether the patient is able to maintain a stable tumor position during breath-hold, near real-time verification is preferred. Most current (near) real-time 3D lung tumor position verification techniques rely on implanted markers or electromagnetic transponders 15, [90] [91] [92] [93] [94] [95] inside or near the tumor. However, implantation of these markers/transponders is an invasive procedure with associated risks, and the markers can migrate and become unreliable 19 . Therefore, we have focused on developing a markerless technique.
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For conventional treatment machines, several markerless lung tumor position monitoring techniques have been proposed, mainly based on kilovoltage (kV) [96] [97] [98] [99] and/or megavoltage (MV) imaging [100] [101] [102] [103] [104] [105] [106] . However, many centers routinely use volumetric modulated arc therapy (VMAT) for stereotactic treatments. In VMAT, the multi-leaf collimator is frequently moving through the MV beam, blocking part of the target and making the MV images unsuitable for positional verification. For that reason, we focus on kV-based techniques that are compatible with VMAT, and with the hardware configuration of most treatment platforms,
i.e. a kV imager mounted orthogonally to the treatment beam.
Because of the often low visibility of lung tumors on kV (and MV) images due to low density and/or small size of the tumor and overlapping structures 42, 65 , different image enhancement techniques have been investigated. These include dual-energy subtraction 66, [107] [108] [109] [110] [111] and subtraction of digitally reconstructed radiographs (DRRs) generated from computed tomography (CT) or CBCT data after removing the tumor from the online acquired projection images 67, [112] [113] [114] . In addition, for tumors in free-breathing, the use of respiratory-correlated models can guide the tumor detection 42, 114 .
We have previously investigated a markerless template matching + triangulation technique for position monitoring of vertebrae using band-pass filtered kV images acquired with the gantry-mounted imager during spine SBRT
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. In addition, we have evaluated short-arc (2-20°) digital tomosynthesis (DTS) for spine position monitoring using CBCT projection images 40, 41 . With DTS, multiple projection images acquired over a short gantry arc are combined, enhancing the target by removing overlying structures and reducing random noise. The use of DTS for lung tumor position verification in radiotherapy has mainly been investigated for patient setup purposes and moving lung tumors 77, [115] [116] [117] [118] [119] . For near-real-time positional verification of lung tumors treated in free-breathing, DTS is not an optimal solution because the tumor position on the projection images used for the DTS image will differ due to differences in breathing phase
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. For tumors treated in breath-hold, however, DTS might be a good image-enhancement technique prior to template matching + triangulation.
In this study, we evaluate if template matching + triangulation using kV projection images acquired during irradiation can be used to monitor lung tumor position during breathhold stereotactic VMAT treatments. A 3D printed anthropomorphic thorax phantom incorporating 3 lung tumors is used to provide a ground-truth. Routinely acquired kV images from four patients treated with breath-hold lung SBRT/hypofractionated radiotherapy are then analyzed. Before template matching, the kV projection images are pre-filtered and/ or enhanced using 1) band-pass filtering 58 , 2) DTS, and 3) DTS + band-pass filtering. For triangulation, Sequential Stereo (Varian Medical Systems, Palo Alto, CA) is used 42, 58 . The aims of this study were to: 
MATERIALS AND METHODS
The general procedure for positional verification of lung tumors treated in breath-hold is illustrated in figure 1 . This forms the basis for all phantom and patient analyses.
Phantom data
The precision and accuracy of the lung tumor position verification software were assessed using a static 3D printed anthropomorphic thorax phantom. This phantom is based on a CT scan of a lung cancer patient and consists of soft tissue (silicone), bony structures (printed in gypsum), airways, lungs (including blood vessels >1 mm) and 3 tumors (printed in nylon)
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. The tumors are located in the superior (tumor 1) and middle (tumor 2, close to the mediastinum) part of the right lung and inferior half of the left lung (tumor 3). Tumor 3 has a lower density . A CT scan of the phantom was acquired at 120 kV with 2.5 mm slice thickness and a resolution of 0.82 × 0.82 mm. The tumors were delineated (gross tumor volume (GTV) ~4 cm³ for all tumors) on the planning CT scan and 10 MV flattening filter free VMAT lung SBRT treatment plans were created for all tumors. 120° arcs were programmed (imaging source angles: 329°-209°, counterclockwise [CCW] rotation), one with couch movement during the second half of the arc and one during the last quarter of the arc, both using a gradual displacement of 8 mm in the longitudinal and 4 mm in the vertical direction. Images were acquired at 7 fps, 100 kV, 45 mA, and 32 ms. Image processing: pre-filtering and enhancement
Before template matching, the kV projection images were pre-filtered and/or enhanced using 1) band-pass filtering, 2) DTS, and 3) DTS + band-pass filtering.
Band-pass filter
The goal of band-pass filtering is to enhance the spatial pattern of the minimum resolvable target features that are common in both the template and online image. The band-pass filter was implemented by a kernel that is the result of subtraction of a high-pass from a low-pass Gaussian-shaped kernel. These kernels were individually normalized such that the sum of pixel values of each kernel was 1.0. The filter is defined by the σ-values of the lowpass (σ low ) and high-pass (σ high ) kernels and each dimension of the kernel was set to 5 times the value of σ high . The high-pass part of the band-pass filter removes the background slow varying intensity (local mean), while the low-pass part reduces noise.
To determine good σ-values, experiments were performed in which σ low was set at 0.1 mm to 1.0 mm in steps of 0.1 mm, and σ high 2, 3, 4, and 5 times σ low (i.e. 40 combinations in total).
This was done using the stationary datasets of phantom tumor 2 and 3 and for each patient the breath-hold dataset with the largest number of images. These tests were performed using 12° DTS images, as initial experiments showed that this resulted in fewer matching errors compared to the unenhanced kV projection images.
Digital Tomosynthesis (DTS)
Prototype software for DTS (isoDTS, Varian Medical Systems) was used to generate single slice DTS images from the kV projection images. The DTS method generates reconstructions by combining multiple projection images acquired over a limited gantry arc and enhancing targets by removing overlying structures and reducing the random noise. The algorithm is based on Kolitsi et al.
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, with the major steps of the algorithm being 1) selection of images that fall within the acquisition arc defined by a center angle and an arc length, 2) defining the reconstruction volume, i.e. center position, dimensions, and voxel size of the reconstruction volume, 3) back-projection of the input images and averaging to form the initial tomosynthesis slices, and 4) deblurring, i.e. removal of the blur caused by out-of-slice structures 77 .
DTS images were generated for each projection image, with the current projection image being the center angle. DTS arc lengths of 6, 12, 18, 24, and 30° were tested using the same datasets as for band-pass filtering. Projection images were incorporated into the reconstruction if its source angle was between the center angle ± ½ the arc length. The resulting DTS images, with dimensions of 100 × 100 mm and a voxel size of 0.259 × 0.259 mm, were parallel to the center projection used for reconstruction and centered at the 59 Verifying lung tumor position during breath-hold irradiation 4 planned target position.
Positional verification technique: automatic template matching + triangulation
Prototype software for template generation, template matching, and triangulation (templatebased tracking and sequential stereo; Varian Medical Systems) was used to determine 3D lung tumor position.
Template generation
2D reference templates were created from planning CT data for every degree of gantry rotation in the form of DRRs. As the goal of template matching is to determine the tumor position and not that of surrounding tissues, the templates should as far as possible be devoid of overlying structures. To achieve this, the DRRs were generated by mean forward projection of the voxels in a box that just enclosed the delineated lung tumor from all directions plus a symmetrical margin (same value as masking margin below). The resulting DRRs, with a resolution of 0.259 × 0.259 mm, were band-pass filtered using the same σ-values as for the online projection images. Subsequently, contour masking was applied to further remove non-target features in the template. To preserve edge features, which extend outward due to the band-pass filter ringing effect, this was done using a masking margin, resulting in templates with a size equal to the contour + isotropic margin. For the experiments in which band-pass filter σ-values were determined, an isotropic masking margin of 4 mm was chosen. For all other experiments, an isotropic margin equal to σ high was used.
Template matching
For each kV projection image, the template associated with the gantry angle closest to the projection image was selected. To find the best match between the template and kV image, the normalized cross-correlation of all possible 2D template locations within a specified search region on the kV image was calculated as a measure of similarity. This search region was fixed around the planned tumor position and consisted of the template size plus 10 mm search margin in all directions. Only for the experiments in which the bandpass filter settings were determined using the stationary phantom datasets, a search margin of 5 mm was used. For each kV image, this resulted in a match score (a value between 0 and 1) surface consisting of all template matching normalized cross-correlation values within the search region. The peak of this match score surface indicates a possible match with the target in the online image. However, as the peak of the match score surface may not necessarily be the correct target position, it is necessary to declare matches as valid or not. This decision is based on comparing the peak of the match score surface with a threshold that is derived from the match score values outside the peak vicinity, also called sidelobes. The area of the sidelobes is separated from the main peak by generating a "peak 60
Chapter 4 exclusion zone" for each template in the form of a binary mask. During template matching, the peak exclusion zone is centered on the peak location of the match score surface, and the sidelobe statistics are derived from all match score values outside this peak exclusion zone. The peak-to-sidelobe ratio is then calculated by (peak-mean of sidelobes)/(standard deviation of sidelobes). To classify the match as valid, the peak match score had to exceed a threshold of 0.3 and the peak-to-sidelobe ratio score a threshold of 2. This was determined using the available datasets by first obtaining template matching results without thresholds followed by inspection of the match score and peak-to-sidelobe ratio values together with the resulting position trajectories. Reasonable thresholds were determined by eliminating the number of large noise peaks in the position trajectories as much as possible. If the match score peak is declared valid, the resulting match is the 2D target position in rotating imaging axis coordinates. If declared invalid, the match is rejected, and the image is not used for positional verification. In addition to these thresholds, a match was declared invalid if the peak match score was on the boundary of the search area.
Triangulation
In rotating imaging axis coordinates, the longitudinal direction is visible for all angles.
However, the vertical direction only at 90° and 270° and the lateral direction only at 0° and 180°; all other angles will result in a combination of the vertical and lateral direction. If the tumor is not positioned in the isocenter, this will result in a sinusoidal position trajectory, which makes it difficult to interpret the 2D results. Therefore, Sequential Stereo was used to determine the 3D position of the tumor in the lateral, longitudinal, and vertical directions.
Sequential Stereo is a form of triangulation that allows estimation of a target position in 3D with a single imager when images are acquired while the imager rotates around the target
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. Multiple rays, i.e. lines in 3D space that connect the detected target position in the image plane to the kV source point, corresponding to images that have been acquired at an earlier time (i.e. previous source rotation angles), were triangulated with the ray corresponding to the current image. The algorithm consists of multiple screening steps to select rays that will be used in triangulation. A minimum stereo separation angle was specified, and only images acquired between the start of the arc and the specified stereo separation angle prior to the current image were used for triangulation. Through pairwise comparison of rays with the current tracking ray using epipolar distance, i.e. the 3D normal distance between tracking rays, the algorithm ranks and selects the rays with the least epipolar distance and rejects the rays that are at an epipolar distance larger than a user-specified threshold.
Triangulation is then performed using the surviving rays (maximum of 16 rays), and the final 3D solution is projected onto the current tracking ray. When there are no surviving rays, the algorithm indicates that a 3D position cannot be determined by triangulation.
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Simulations In addition to the two phantom experiments with couch movement, simulations were performed to assess the accuracy of triangulation. In these simulations, target visibility and perfect template matching results were assumed for all projection images. This means that the accuracy of triangulation was assessed without the influence of inaccuracies in 2D matching. This simulation was done by forward-projecting a specified 3D trajectory location of a virtual target at each specified imaging point using a virtual camera model to obtain the corresponding 2D pixel-domain coordinates, which are then used as the input to the triangulation algorithm. Simulations were performed for a constant gantry speed of 6° s -1 and continuous imaging frame rate of 7 fps using 20 s position trajectories that showed similar motion as the phantom data with movement, i.e. a gradual displacement of 8 mm in the longitudinal and 4 mm in the vertical directions after 10 and 15 s. To investigate the influence of the imaging angle on the ability to correctly determine 3D position, the simulations were performed with different imaging start angles, which were 90, 120, 150, and 180°, for both a clockwise and CCW arc. These 16 simulated datasets were used to determine reasonable Sequential Stereo parameter settings. The parameter settings that were tested were the minimum stereo separation angle (6-18° in steps of 2°), the epipolar distance threshold (0.5-4 mm, in steps of 0.5 mm), and the maximum number of rays (2-15, excluding current ray) used for triangulation. First, the epipolar distance setting was determined using a minimum stereo separation angle of 12° and a maximum number of rays of 15, after which the minimum stereo separation angle and maximum number of rays were determined, respectively, using the "best" settings found during the previous step(s).
Overview of experiments
To summarize, the experiments that were performed are as follows:
1) For the band-pass filter, reasonable σ low and σ high values were determined for two phantom and four patient datasets.
2) For DTS, a reasonable arc length was determined using the same datasets as for band-pass filtering.
3) For triangulation, 16 simulated datasets were used to determine a reasonable epipolar distance threshold, minimum stereo separation angle, and maximum number of rays used for triangulation.
4) Using the parameter settings that were preferred for this data, the following data were analyzed using band-pass filtering and DTS + band-pass filtering:
a. Phantom data with the tumor positioned in the isocenter (three tumors, three datasets)
b. Phantom data with a positional offset in the longitudinal direction (three tumors, three datasets) to determine if offsets are detected correctly when using DTS To determine reasonable parameter settings for band-pass filtering and DTS, and to investigate the precision of template matching, Euclidean root-mean-square (RMS) errors were calculated of the pixel domain track. These errors were calculated by first determining the center of mass of the target trajectory 3D points. The centroid point was then forward projected to all projections resulting in pixel coordinates of this point. The difference between the original pixel-domain track of the target and the centroid point was then calculated and converted from pixel to millimeter using the magnification factor that corresponds to the centroid point for each projection, resulting in the pixel domain track error in millimeters. It should, however, be noted that incorrect matches but with a match score and peak-to-sidelobe ratio score high enough to exceed the threshold for declaring the matches as valid may exist. These can cause large peaks in the resulting position trajectory, which can result in high RMS error values.
The band-pass filter settings were determined before investigating the triangulation settings, and therefore different triangulation settings were used during these experiments (a minimum stereo separation angle of 12°, epipolar distance threshold of 1 mm, and minimum/maximum number of 2/7 rays were used for triangulation). As the 2D RMS errors are reported for these experiments, the 3D results are only used to calculate the center of mass of the trajectory 3D points and therefore the triangulation settings are not expected to have a major influence on the band-pass filter setting results.
To determine the settings for triangulation, the 3D RMS error and the percentage of image frames for which a 3D position could be determined were calculated for all tests, and per parameter setting an average was calculated based on the 16 simulations.
For the phantom datasets without motion and the patient data analyzed using the final parameter settings, the interquartile range of the position trajectory was calculated, as this is less influenced by large peaks in the trajectory representing false detections compared to the RMS error or standard deviation. 
DTS
For phantom tumor 2, template matching using DTS images and templates without bandpass filtering resulted in Euclidean RMS errors of 3.2, 2.7, 1.7, 1.8, and 1.9 mm for 6°, 12°, 18°, 24°, and 30° DTS, respectively. For phantom tumor 3, these values were 6.6, 6.8, 4.4, 4.5, and 4.0 mm, respectively. As these errors are high for a stationary phantom, band-pass filtered templates were matched to the same DTS images, which resulted in Euclidean RMS errors of 1.9, 1.3, 0.9, 1.0, and 1.1 mm for tumor 2 and 2.5, 2.2, 2.3, 1.9, and 0.5 mm for tumor 3, respectively. However, it was found that these errors were still substantially larger than those for DTS + band-pass filtering for both templates and online images (figure 4), and therefore it was decided to continue the work using only DTS + band-pass filtered images. 
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Verifying lung tumor position during breath-hold irradiation 4 Figure 4 shows the Euclidean RMS errors of template matching using DTS + band-pass filtered images generated using different arc lengths, compared to band-pass filtered images only. With 6° DTS, it was not possible to obtain DTS images for all projection images for datasets acquired at 3 fps, as at least 3 projections were required for reconstruction. For DTS with an arc length ≥12°, more than 93% of the images were matched for all 6 datasets.
In addition, it was found that the positional verification errors did not decrease much when using an arc length >12°. As an arc length of 12° corresponds to a latency of ~2 s at the start of the arc during real-time positional verification with a gantry speed of 6° s -1
, DTS with a 12° arc length was chosen for subsequent analyses.
Triangulation
Based on the simulated motion trajectories, an epipolar distance threshold of 3 mm, minimum stereo separation angle of 12°, and a maximum of 15 rays used for triangulation were found to be reasonable. Table 2 summarizes the RMS errors, maximum errors, and % for which the 3D position was determined using these triangulation settings for the eight simulations in which motion occurred during the second half of the trajectory and the eight simulations in which motion occurred during the last quarter of the trajectory.
These results include no data for the first 12° of the 120° arc (i.e. maximum = 90%), which reflects the real-time clinical scenario if a 12° minimum stereo separation angle is used. in imaging source angle results in differences in detected 3D positions. This is because the lateral direction is fully determined by triangulation at 90 and 270°, while the vertical direction is fully determined by template matching for these angles, and vice versa at 180 and 0/360°. The detectability of a displacement depends therefore on the imaging angle and direction of the movement. The longitudinal direction for all angles is determined by template matching (as this direction is always visible on the kV images) and is therefore completely accurate during the simulations.
The epipolar distance threshold of 3 mm means that a 3D normal distance >3 mm between the current tracking ray and rays corresponding to images that have been acquired ≥12° earlier (minimum stereo separation angle) will result in a "missing 3D position". This was the case for the simulations in which motion occurred during the last quarter of the arc (average percentage detected positions in 2D = 99.7%, 3D = 96.1%, and 3D excluding first 12° = 99.9% for DTS + band-pass filtering versus 55.8/52.9/55.0% for band-pass filtering only). As can be seen in figure 6 , the image quality of the lateral and oblique kV projection images is poor, which resulted in difficulties with tumor position verification for these images using band-pass filtering only. With DTS, however, the information of multiple images is combined into one image. This makes it possible to distinguish the tumor even for the lateral images, resulting in a much better performance of the matching software.
Data analysis using preferred parameter settings

Phantom data
This can also be seen in the position trajectories in figure 7 . For the trajectory based on the images with band-pass filtering only ( figure 7(B) ), there are large peaks (i.e. false positive matches) in addition to missing data points. The missing data points are the result of the thresholds that were set to declare a 2D match as valid or not. Preferably, these thresholds should be set such that all large peaks disappear, however, there were no thresholds found that achieved this. The trajectory based on the images with 12° DTS + band-pass filtering (figure 7(C)) has no missing data points except for the first 12° of the arc, and the measured trajectory is much smoother without large false-positive peaks. The arrows indicate the location of the tumor. Although tumor visibility seems best for the 12° DTS images, it was found that the template matching results were better for the DTS + band-pass filtered images.
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For the three phantom measurements with the tumor positioned in the isocenter (using a CBCT-CT match), the mean position found after template matching + triangulation using DTS + band-pass filtered images ranged from -0.28 to -0.16 mm for lateral, -0.06 to 0.29 mm for longitudinal, and -0.02 to 0.49 mm for the vertical direction. For the three phantom measurements in which an offset was applied, the difference between the applied and measured mean position ranged from -0.16 to 0.11 mm for lateral, 0.04 to 0.17 mm for the longitudinal, and -0.06 to 0.49 mm for the vertical direction. Standard deviations for these datasets were <0.5 mm for all directions except for tumor 3 positioned in the isocenter, which had some false-positive matches (visible as outliers in figure 7(A) ). For patient data, it should be noted that the interquartile range represents both system precision and tumor motion. For the DTS + band-pass filtered images, the interquartile range was ≤1 mm in nine out of 13 datasets, while for band-pass filtered images this was only achieved in three datasets. However, even with an interquartile range ≤1 mm, there can be some fluctuations in the measured tumor position ( figure 9(B) ), which are likely due to limitations in system precision. For the DTS + band-pass filtered images with an interquartile range >1 mm, intra-breath-hold motion was clearly the cause of this larger range for one dataset (figure 9(C)), while inaccuracies in tumor detection were the cause for the three remaining datasets. For patients 1-3, image enhancement using DTS + bandpass filtering improved the tumor detection (average interquartile range of 1.2 mm with an average percentage detected positions in 2D = 97.6%, 3D = 79.6%, and 3D excluding first 12° = 96.7% for DTS + band-pass filtering compared to 4.9 mm and 72.3/53.6/64.9%
for band-pass filtering only), with the most considerable improvement for patient 3. This patient had a tumor close to the diaphragm, which obscured the tumor at many imaging angles. Figure 10 shows representative images of this patient, which demonstrates that the tumor becomes visible after using DTS. For patient 4, however, the addition of DTS did not improve the performance of the software (average interquartile range of 1.2 mm with an average percentage detected positions in 2D = 95.9%, 3D = 75.8%, and 3D excluding first 12° = 88.8% for DTS + band-pass filtering compared to 0.9 mm and 97.2/82.6/96.7%
for band-pass filtering only). As can also be seen in the DTS images of figure 10, DTS can enhance non-target structures as well, which could then become as prominent as and quite similar to the target structure. If during template matching this non-target structure results in a higher match score than the actual target, this leads to false matches, which was found to be the case for some images of patient 4. Figures 9(D) -(G) show example position trajectories of patients 3 and 4, for both band-pass filtered images and DTS + band-pass filtered images. For all patients, using DTS + band-pass filtering, the 2D position was determined for at least 93% of the dataset and 3D position (excluding first 12° as the datasets varied in arc length) for at least 82% of the dataset for all datasets. However, it should be noted that this also includes positions that were determined incorrectly. For nine out of the ten datasets with a median 3D positional offset >3 mm, the largest offset was found in the longitudinal direction. For the remaining dataset, the results were not sufficiently reliable to determine this.
The image enhancement and analysis were found to be fast enough to provide new positional information once every second with the current software and parameter settings on a PC with an Intel Core i3-2100 CPU and 16.0 GB RAM when using a frame rate of 7 fps. For displacements with recurrent positions (e.g. breathing motion), the triangulation algorithm automatically uses the rays corresponding to previous similar positions as those will have the least epipolar distance. However, for continuous, gradual displacements, there are no similar positions, which makes this a difficult displacement for the algorithm to detect correctly as rays corresponding to different target positions will be triangulated, resulting in errors. This limits the high-accuracy applications for template matching + triangulation.
Nonetheless, the technique is still suitable for: 1) detection/monitoring of offsets occurring between initial setup and start of treatment, 2) inter-breath-hold variations (target offset at the start of treatment arc, e.g. figure 9 (E)), and 3) those lung targets with motion that is predominantly longitudinal as the longitudinal direction is not determined by triangulation Although tumor visibility seems best for the 12° DTS images, it was found that the template matching results were better for the DTS + band-pass filtered images.
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Chapter 4 (figure 9(C)). In our clinic, generally, a 5 mm PTV margin is used for lung tumors treated in breath-hold. For the 13 patient breath-hold datasets included in this study, the 3D displacement was not infrequently >~5 mm ( figure 9(A) ). Depending on factors like the PTV margin, treatment planning technique, and magnitude and duration of such offsets, they could result in clinically relevant underdosing of the tumor and, potentially, an increased dose to organs-at-risk. This emphasizes the desirability of positional verification during voluntary breath-hold irradiation when using an RPM-based visual feedback technique.
In a clinical situation, it can be decided to hold the treatment beam and verify/re-position using breath-hold CBCT if the target offset is above a user-defined threshold (e.g. taking into account the PTV margin). In case of breath-hold variations, a new breath-hold could be performed instead of re-positioning using CBCT. However, as shown in figure Patients with different tumor sizes and locations were included in this study. Although it is expected that the template matching performance improves with increasing tumor size, it was found that for the included datasets, the performance of the template matching technique depended on image quality/overlying structures rather than the tumor size.
Although the use of DTS reduced the influence of poor image quality and overlying structures on the template matching results, the precision of the template matching technique is still influenced by the image quality/tumor visibility (e.g. the x-ray absorption of the tumor compared to the entire body can be too low to visualize the tumor). Ideally, one would select optimal image acquisition angles to acquire images for positional verification. The imaging frame rate of the datasets used in this study varied between 3-11 fps. However, the imaging dose per dataset is equal for all frame rates as on the TrueBeam the mAs per second is selected, which means that when using 3 fps the imaging dose per frame is higher compared to 7 or 11 fps. Because of the slightly better image quality when using 3 fps, the performance of template matching was found to be slightly better for non-DTS datasets in initial experiments. However, for DTS images, the performance of template matching did not differ substantially between different frame rates.
In this study, all analyzed images were acquired during VMAT delivery, and all data were analyzed offline. However, triangulation was performed as it would be in real-time by only using prior images, and therefore there was a 12° triangulation latency at the start of each dataset. In the scenario of real-time positional verification, this 12° triangulation latency could be overcome by combining rays extracted from pre-treatment images (e.g. the setup CBCT) with rays acquired during irradiation while taking any couch adjustment into account. This could then result in immediate 3D positional verification of images acquired at the start of VMAT delivery.
The DTS images were generated without taking into account the latency at the start of each dataset due to the 12° DTS angle. In addition, an image was incorporated into the reconstruction if its source angle was between the center angle ± ½ the arc length, which was done for all projection images. In an online situation, this will probably change to one DTS image per time-or gantry-interval. The 12° DTS angle will result in a latency of ~2 s at the start of the arc during real-time positional verification with a gantry speed of 6° s -1
, which is more difficult to overcome compared to the triangulation latency. This because inter-breath-hold variations may result in a different tumor position, which could result in unreliable DTS images. Because of this initial latency, offsets occurring between setup and start of treatment and inter-breath-hold variations will not be detected immediately.
However, the delay needs to be kept in context, since it is only a couple of seconds. This verification technique is, therefore, a substantial improvement over what is currently possible when using a markerless RPM-based breath-hold technique (i.e. no target-level verification). It should be noted that although a 12° DTS arc length was found to be good for lung tumor position verification for patients treated in breath-hold, this 12° may not necessarily be a good choice for lung tumors treated in free-breathing, as it might then be beneficial to cover all breathing phases 77 or only a small part of the breathing phase.
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Chapter 4 RMS errors were calculated to determine the performance of the tumor position verification software for different parameter settings. However, large peaks representing false detections can have a major influence on the RMS error, and it is, therefore, important to not only focus on the RMS errors but also on the resulting position trajectories. In addition, false matches can have a major influence on the estimated 3D positions (figures 8(B) + (D)), which make it important to reduce the number of false-positive matches. In this study, a match score and peak-to-sidelobe ratio threshold were used to declare matches as valid or not. Preferably, these thresholds should be set such that all large peaks disappear. However, there were no thresholds found that achieved this, and therefore other methods should be used to exclude false-positive matches. The performance of the tumor position verification software could be improved by using an adaptive search window instead of a search window that is fixed at the planned tumor position. For a fixed search window, the window size needs to be at least the size of the displacement/offset that can be expected during treatment. For breath-hold treatments, the inter-breath-hold variations can be substantial, and therefore a search window size of 10 mm in all directions was used. For the datasets without substantial target offset, it was observed that more false positive matches occur when increasing the search window size. In addition to using a smaller, adaptive search window that follows the online target position (averaged over a couple of frames to make sure the search window is centered at the tumor position and not a false match), the number of falsepositive peaks could be reduced by implementing a limit on the distance that a target can move in a specific time interval. When the highest match score is found at a location that exceeds this threshold, the second-highest peak could be used as a candidate target location. Furthermore, in the current version of the template generation software, DRRs were generated by mean forward projection of the voxels in a box that just enclosed the delineated lung tumor from all directions. To ensure that even fewer non-target structures are present in the DRRs, a masked version of the box could be used instead of applying masking after the DRRs are generated. Although it was not found to be the case for the patient data included in this study, in theory, an increase in the margin used for the templates might improve the positional verification results for some small tumors, as the templates will then consist of more information that can be used for matching. However, this will only work if the tumor is not located close to large organs/structures and if the differences between the templates and online images are limited, to avoid structures other than the tumor being used for matching.
CT scans reconstructed with smaller slice spacing may further improve tracking results, as currently the CT slice spacing (2.5 mm) is the limiting factor in defining the minimum feature size of the templates. However, in that case, different σ-values for the band-pass filter might be better. In addition, the possible benefit of using a smaller slice spacing should be investigated using patient data, as it was found that tumor changes/deformations could 77 Verifying lung tumor position during breath-hold irradiation 4 occur between the planning CT and treatment, which may reduce the benefit of increasing the amount of detail on the templates. To overcome the issue of tumor changes, the use of a setup CBCT scan for template generation could be investigated. However, as the tumor position is then compared to the position on the CBCT instead of the position on the planning CT, the relation between the tumor position on the CBCT scan and planning CT scan should be precisely determined, which might be challenging. Alternatively, the tumor position on the CBCT could be used as a starting position to purely detect intra-fraction variation.
As was found during the simulation and phantom experiments, the ability to correctly determine the third dimension depends on the imaging angle and direction of the movement. Fortunately, for lung SBRT, much of the displacement that can be expected during breath-hold treatments, for example when the patient is not able to maintain the breath-hold, is likely to be in the longitudinal direction, with a smaller displacement in the vertical and lateral directions. As the longitudinal direction is fully determined by 
